Introduction
============

Allergic asthma is a complex respiratory disorder, which is characterized by airway inflammation, bronchial hyperresponsiveness and reversible airway obstruction ([@b1-mmr-11-06-4197]). In recent decades, an increasing number of patients have been diagnosed with allergic asthma ([@b2-mmr-11-06-4197]), and allergic diseases such as asthma have become a social problem that negatively affects the quality of life of sufferers. The incidence of allergic diseases, including asthma, has risen since the mid-20th century, with much of the increase associated with changes in the environment that affect the immune system ([@b3-mmr-11-06-4197]). The exact mechanism for the progression of pediatric allergic diseases has yet to be elucidated; however, it appears to be a complex interaction between genetics, environmental exposure and sensitization ([@b4-mmr-11-06-4197]). Previous studies have identified small molecular medicines, which may be used to treat allergic asthma in the future ([@b5-mmr-11-06-4197]); however, adherence rates for asthmatic patients are problematic, ranging between 30 and 70% ([@b6-mmr-11-06-4197]). Fewer than half of the patients treated with inhaled asthma medications adhere to their prescribed regimens ([@b7-mmr-11-06-4197]), and the level of adherence is similar for children ([@b8-mmr-11-06-4197]). Further molecular and genetic research is required to elucidate the underlying molecular mechanisms of allergic asthma.

Microarray DNA hybridization techniques are widely used in molecular biology research. In a DNA microarray, various DNA probes are immobilized onto a solid support in groups, forming an array of microspots. Hybridization to the microarray can then be performed by applying sample DNA solutions, either in bulk or in a microfluidic manner. Once the sample DNA has bound to the immobilized probe DNA through complementary sequence binding, detection is achieved through the read-out of the tagged markers attached to the sample target DNA ([@b9-mmr-11-06-4197]). Genome-wide microarray studies of pooled DNA samples are a valuable tool, which may be used to identify candidate differentially expressed genes (DEGs) that are associated with a phenotype in a fast, scalable and economical manner ([@b10-mmr-11-06-4197]). Previous studies has used microarray techniques and has reported changes in the expression of genes associated with viral transcription (RPL3, RPS10, RPL27, RPS11, RPL27A, RPL37A, EIF5A, EIF5B, and EEF1D) and lysosome function (ALAS1, ACO1, GPX3, PGD, VKORC1, and DCXR), which may be associated with the exacerbation of allergic asthma ([@b5-mmr-11-06-4197]).

Investigating variations in gene expression, which can be quantitatively measured on a genome-wide scale, is essential for understanding and interpreting the pathogenic mechanism of pediatric allergic asthma. The present study used a DNA microarray method to identify the DEGs between normal and pediatric allergic asthma samples. The DEGs were then clustered. Functional and pathway analyses of the potential DEGs were then conducted, and the pathways were finally annotated based on the Kyoto Encyclopedia of Genomes and Genes (KEGG). The DEGs present in significant pathways associated with allergic asthma were further analyzed in order to explore the pathogenesis of the disease.

Materials and methods
=====================

Microarray data
---------------

The GSE18965 gene expression profile of pediatric allergic asthma ([@b11-mmr-11-06-4197]) was downloaded from the public functional genomics data repository: The Gene Expression Omnibus (GEO; <http://www.ncbi.nlm.nih.gov/geo/>) ([@b11-mmr-11-06-4197]). A total of 16 specimens, including seven normal samples and nine samples from patients with pediatric allergic asthma, were available. The gene expression profile was based on the platform of GPL96 (HG-U133A) Affymetrix Human Genome U133A Array (Affymetrix, Santa Clara, CA, USA).

Data processing and identification of DEGs
------------------------------------------

Based on the annotation platform, 22,283 available probe IDs were mapped to gene names and 20,952 genes were selected and their expression profiles were processed ([@b12-mmr-11-06-4197]). The limma package in R software was used to identify the DEGs between the normal and pediatric allergic asthma samples ([@b13-mmr-11-06-4197]). The false discovery rate (FDR) was previously described by Benjamini and Hochberg ([@b14-mmr-11-06-4197]), and is the expected proportion of false discoveries, out of the total number of identified DEGs. Applying a cut-off limit for FDR can help reduce error from multiplicity, whilst ensuring the identification of real DEGs. In the present study, cut-off values of log fold-change (\|logFC\|)\>1.0 and an adjusted P\<0.05 were used to identify DEGs.

Hierarchical clustering of DEGs
-------------------------------

Hierarchical clustering is a method used to build a hierarchy of clusters of DEGs. The process of clustering was based on the Euclidean distance ([@b15-mmr-11-06-4197]) between the expression profiles of each of the DEGs filtered from the samples. The clustering was conducted using pheatmap (<http://cran.r-project.org/web/packages/pheatmap/index.html>) in R ([@b16-mmr-11-06-4197],[@b17-mmr-11-06-4197]).

Strategies for hierarchical clustering generally fall into two categories. The 'bottom up' approach is where each DEG begins as a single cluster, and DEGs with similar expression profiles begin to successively merge as one cluster moves up the hierarchy. The 'top down' approach is where all DEGs begin as one cluster, and splits are performed recursively as a cluster moves down the hierarchy. Generally, the merges and splits are determined in a greedy manner. The results of hierarchical clustering are usually presented in a dendrogram.

Functional enrichment analysis of DEGs
--------------------------------------

The Database for Annotation, Visualization and Integrated Discovery (DAVID; <http://david.abcc.ncifcrf.gov/>) ([@b18-mmr-11-06-4197],[@b19-mmr-11-06-4197]) was then used to identify the enriched Gene Ontology (GO) biological processes that the up- and downregulated DEGs were associated with (P\<0.05). The negative logarithmic P-values of each enrichment were displayed. The functional enrichments were presented in a bar chart, with the P-values displayed in a line chart, using Plotrix (<http://cran.r-project.org/web/packages/plotrix/index.html>) in R.

Pathway analysis
----------------

Pathway enrichment analysis of all of the DEGs was performed using the KEGG database (<http://www.kegg.jp/>) ([@b20-mmr-11-06-4197]). The KEGG maps of biological functions, and the corresponding DEGs were obtained.

Results
=======

Data processing and identification of DEGs
------------------------------------------

Following normalization, a differential comparison between the expression profiles was performed, with the cut-off values set at FDR\<0.05 and \|logFC\|\>1. A total of 127 DEGs were identified, of which 58 were downregulated and 69 were upregulated ([Table I](#tI-mmr-11-06-4197){ref-type="table"}).

Hierarchical clustering of DEGs
-------------------------------

Hierarchical clustering of the identified genes is presented in [Fig. 1](#f1-mmr-11-06-4197){ref-type="fig"}. The logFC values of the DEGs ranged between three times upregulated and three times downregulated. The samples from the patients with pediatric allergic asthma could easily be distinguished from the samples of the healthy control group. These results suggested that the identified DEGs were significantly characteristic of allergic asthma and may be used to distinguish between normal samples and those from patients with asthma.

Functional enrichment analysis of DEGs
--------------------------------------

The identified DEGs were assembled into up- and downregulated genes and mapped into DAVID for functional enrichment analysis using the topological approach ([Table I](#tI-mmr-11-06-4197){ref-type="table"}). The available functional enrichments are presented in a bar chart, with the P-values displayed in a line chart ([Fig. 2](#f2-mmr-11-06-4197){ref-type="fig"}). The up- and downregulated genes were significantly enriched in the actin filament-based process and the monosaccharide metabolic process, respectively.

Pathway analysis
----------------

For further detail regarding the biological processes in which the identified DEGs participated in, part of these pathways were analyzed using KEGG. A pathway shown to be associated with the downregulated genes was the lysosomal pathway (P=6.4×10^−9^), of which seven downregulated DEGs were involved \[M6PR, TPP1, GLB1, NEU1, ACP2, LAMP1 and HGSNAT\].

Discussion
==========

Allergic asthma is characterized by airway hyperresponsiveness, inflammation and a cellular infiltration, which is dominated by eosinophils ([@b21-mmr-11-06-4197]). Numerous epidemiological studies have linked the exacerbation of allergic asthma with an increase in ambient inhalable particulate matter from air pollutants ([@b22-mmr-11-06-4197],[@b23-mmr-11-06-4197]). Furthermore, the majority of cases of allergic asthma have been attributed to infection with respiratory viruses, as well as other allergens ([@b24-mmr-11-06-4197]). These infectious and allergic stimuli induce airway hyper-responsiveness by stimulating T lymphocytes and chemotaxis of acidophilic leukocytes ([@b25-mmr-11-06-4197]), which results in the production of various pro-inflammatory cytokines and mediators to induce inflammation ([@b26-mmr-11-06-4197]). The present study identified the up- and downregulated DEGs in allergic asthma, which were significantly enriched in the actin filament-based process and the monosaccharide metabolic process, respectively. Concordant with the findings of the present study, Wang *et al* ([@b5-mmr-11-06-4197]) also demonstrated that the downregulated genes were associated with the monosaccharide metabolic process. Husain *et al* ([@b27-mmr-11-06-4197]) previously reported that the actin filament-based process \[GO:0030029\] is enriched in food allergy, thus suggesting a possible involvement of certain DEGs with smooth muscle contraction, bronchoconstriction and vasodilation, which are common characteristics associated with type I allergic responses and anaphylaxis ([@b27-mmr-11-06-4197]). One of the DEGs enriched in this process is scinderin (Scin), an actin-filament severing and capping protein that is activated by calcium ([@b27-mmr-11-06-4197]). It has been suggested that Scin may be a potential biomarker of type I allergies, such as asthma ([@b28-mmr-11-06-4197]). Furthermore, the upregulated genes (PDPK1, EZR, MYO6, CDC42BPA, OPHN1, ARF6 and WASL) identified in the present study that were enriched in the actin filament-based process require further study in order to determine whether they may be used as potential biomarkers of allergic asthma.

Viral transcription-associated proteins have previously been identified as DEGs in asthma ([@b5-mmr-11-06-4197]). The present study identified seven downregulated DEGs (M6PR, TPP1, GLB1, NEU1, ACP2, LAMP1 and HGSNAT) that are associated with lysosomal function, which are associated with the autolysis of cells. A previous study demonstrated that the absence of MPRs and recycling cell surface receptors may lead to distinguishment of lysosomes, membrane-bound organelles that contain numerous hydrolytic enzymes from endosomes ([@b29-mmr-11-06-4197]). TPP1 has previously been established as a shared or restricted regulatory dendritic cell (DC) marker ([@b30-mmr-11-06-4197]), which has been suggested to have an important role in the development of atopic asthma ([@b31-mmr-11-06-4197]). GLB1 gives rise to the GLB1 lysosomal enzyme and the elastin binding protein (EBP), which are involved in elastic fiber deposition ([@b32-mmr-11-06-4197]). GLB1 forms a complex with protective protein cathepsin A (PPCA), NEU1 and galactosamine 6-sulphate sulfatase inside lysosomes, whereas EBP binds PPCA and NEU1 on the cell surface. ACP is present in the lysosomes inside DCs and was previously reported as a key enzyme that is able to digest antigens ([@b33-mmr-11-06-4197]), thus indicating that it may have a similar role in allergic asthma. The specific functions of LAMP-1 and -2, which belong to the N-glycosylated proteins present in lysosomal membranes, have only recently begun to be recognized ([@b34-mmr-11-06-4197]). The normal functions of LAMP-1 can be substituted by the structurally-associated LAMP-2; however, LAMP-2 has more specific tasks. Knockout of LAMP-2 expression in mice has revealed roles for LAMP-2 in lysosomal enzyme targeting, autophagy and lysosomal biogenesis ([@b35-mmr-11-06-4197]). Furthermore, LAMP-2 deficiency in humans leads to Danon disease, which is associated with fatal cardiomyopathy and myopathy ([@b36-mmr-11-06-4197]). A previous study demonstrated that loss of HGSNAT activity leads to mucopolysaccharidosis IIIC (MPSIIIC), a lysosomal disease ([@b37-mmr-11-06-4197]). Subsequent ana lysis of this novel lysosomal protein revealed mutations in MPSIIIC and confirmed that it encoded HGSNAT ([@b38-mmr-11-06-4197]). Among the genes identified in the present study (M6PR, TPP1, GLB1, NEU1, ACP2, LAMP1 and HGSNAT) that were significantly associated with lysosomal function, only TPP1 has been confirmed as being associated with atopic asthma ([@b29-mmr-11-06-4197]). Further analyses of the specific functions of these identified DEGs in atopic asthma is required.

In conclusion, the results of the present study provide information on the underlying molecular mechanism of allergic asthma and provide a basis for future research. It was hypothesized that the identified downregulation of M6PR, TPP1, GLB1, NEU1, ACP2, LAMP1 and HGSNAT leads to disorders of lysosome function, which results in asthma by causing T-cell dysfunction. To date, the discovery of drugs for the treatment of pediatric asthma has been limited as its pathogenesis has yet to be fully elucidated. Therefore, the DEGs identified in the present study may provide a basis for the development of future medication used to treat this disease.
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![Clustering of differentially expressed genes using the hierarchical clustering method. Colors changing from blue to orange represent the differences in gene expression between the disease group and the healthy group, from downregulation to upregulation. Samples underlined red represent samples from the patients with pediatric allergic asthma. Samples displayed are all the ones in the dataset GSE18965. Each row represents a single gene; each column represents a tissue sample. AA, asthma atopic; HN, healthy non-atopic.](MMR-11-06-4197-g00){#f1-mmr-11-06-4197}
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![The lysosomal pathway is closely associated with the downregulated DEGs. Genes in green boxes represent the selected down-regulated DEGs. DEG, differentially expressed gene.](MMR-11-06-4197-g02){#f3-mmr-11-06-4197}

###### 

Differentially expressed genes in pediatric allergic asthma.

  Genes                 ID             adj.P-val   logFC
  --------------------- -------------- ----------- ----------
  Downregulated genes                              
   GPI                  208308_s\_at   0.023       −1.44282
   MLXIP                202519_at      0.023       −1.32908
   TPP1                 200742_s\_at   0.023       −1.26717
   NEU1                 208926_at      0.023       −1.21158
   ACTN1                208636_at      0.023       −1.20938
   LAMP1                201551_s\_at   0.040       −1.14585
   MYOF                 211864_s\_at   0.027       −1.14455
   GLB1                 201576_s\_at   0.037       −1.13821
   NFKB1                209239_at      0.044       −1.13729
   ACP2                 202767_at      0.043       −1.08902
   M6PR                 200900_s\_at   0.047       −1.06069
   HGSNAT               218017_s\_at   0.023       −1.05619
  Upregulated genes                                
   UTP14A               221098_x\_at   0.026       1.00982
   KLHL23               213610_s\_at   0.023       1.02244
   EFCAB11              210525_x\_at   0.023       1.02378
   NUCKS1               217802_s\_at   0.025       1.03147
   FIP1L1               221007_s\_at   0.023       1.03372
   MBD4                 214048_at      0.023       1.03480
   PPFIBP1              203735_x\_at   0.023       1.03706
   INHBC                207688_s\_at   0.026       1.04053
   PPARA                210771_at      0.023       1.04131
   EZR                  217234_s\_at   0.038       1.04663
   CDC42BPA             214464_at      0.023       1.05413
   INVS                 211054_at      0.023       1.06234
   BMP2K                37170_at       0.026       1.06702
   RREB1                203704_s\_at   0.045       1.07460
   DMP1                 217067_s\_at   0.023       1.07594

logFC, log fold change; adj.P-val, adjusted P-value. \|logFC\|\>1.0 and adj. P-val\<0.05 were selected as the cut-off values for identification of differentially expressed genes.

###### 

Functional enrichment of the up- and downregulated differentially expressed genes in pediatric allergic asthma.

  GO Term               Function                                                      Count   P-value      Genes
  --------------------- ------------------------------------------------------------- ------- ------------ ----------------------------------------------------
  Upregulated genes                                                                                        
   GO: 0030029          Actin filament-based process                                  7       4.20xl0^4^   PDPK1, EZR, MY06, CDC42BPA, OPHN1, ARF6, WASL
   GO: 0006414          Translational elongation                                      5       7.45xl0^4^   RPL27A, RPL37A, RPS11, RPL38, EEF1D
   GO: 0006412          Translation                                                   7       0.002167     RPL27A, EIF5B, EIF5A, RPL37A, RPS11, RPL38, EEF1D
   GO: 0030036          Actin cytoskeleton organization                               6       0.002196     PDPK1, EZR, CDC42BPA, OPHN1, ARF6, WASL
   GO: 0007010          Cytoskeleton organization                                     7       0.008267     PDPK1, EZR, CDC42BPA, OPHN1, ARF6, WASL, SMC3
   GO: 0006897          Endocytosis                                                   4       0.006008     MY06, FOLR1, OPHN1, EEA1
   GO: 0010324          Membrane invagination                                         4       0.006008     MY06, FOLR1, OPHN1, EEA1
   GO: 0006974          Response to DNA damage stimulus                               5       0.006468     MY06, POLH, MBD4, FOX03, SMC3
   GO: 0006357          Regulation of transcription from RNA polymerase II promoter   7       0.007357     IFNAR2, PPARA, ZBTB7A, CTBP1, MY06, FOX03, SMARCA2
   GO: 0016192          Vesicle-mediated transport                                    6       0.008392     MY06, FOLR1, SEC22B, OPHN1, ARF6, EEA1
  Downregulated genes                                                                                      
   GO: 0005996          Monosaccharide metabolic process                              7       7.65xl0^5^   GPI, PGD, CHST4, GYG1, NAGK, DCXR, ENOl
   GO: 0046907          Intracellular transport                                       7       0.018792     COPA, AP2B1, PSEN1, ATP6AP1, MLXIP, CTSA, M6PR
   GO: 0051186          Cofactor metabolic process                                    6       4.07xl0^4^   ALAS 1, ACO1, GPX3, PGD, VKORC1, DCXR
   GO: 0006006          Glucose metabolic process                                     5       0.001502     GPI, PGD, GYG1, DCXR, ENOl
   GO: 0019318          Hexose metabolic process                                      5       0.003427     GPI, PGD, GYG1, DCXR, ENOl
   GO: 0006091          Generation of precursor metabolites and energy                5       0.018456     GPI, ACO 1, ATP6AP1, GYG1, ENO1
   GO: 0006732          Coenzyme metabolic process                                    4       0.013389     ACOl, GPX3, PGD, DCXR
   GO: 0007033          Vacuole organization                                          3       0.007456     PSEN1,TPP1,ACP2
   GO: 0006090          Pyruvate metabolic process                                    3       0.008197     SLC16A3,GPI,BSG
   GO: 0006007          Glucose catabolic process                                     3       0.015228     GPI, PGD, ENOl

GO, gene ontology.
